We report on the first experimental demonstration of direct bandgap group IV GeSn microdisk (MD) lasers (Ȝ em =2.5 μm) grown on Si(001). The evidence of lasing is supported by a detailed analysis of strain-dependent emission characteristics of GeSn alloys with x Sn 12 at.%. Residual compressive strain within the layer is relieved via under-etching of the MD enabling increased energy offsets up to E L -E Γ =80 meV. The lasing threshold and max. temperature amount to 220 kW/cm 2 and 135 K, respectively.
Introduction
The demonstration of optically pumped lasing in CMOS-compatible group IV GeSn alloys [1] along with recent progress in optical detection [2] and fiber transmission at 2 μm represent a major step towards the creation of a fully integrated electronic and photonic circuitry [3] extending Si-based optical communications into the short-wavelength infrared region (SWIR: 2 -3 μm) [4] . The creation of a direct bandgap GeSn laser which is compatible with mature Si electronics allows further functional integration and realization of energy efficient data communication networks, trace-gas sensing and fast medical diagnostics. Two types of resonators are considered for monolithic integration on a Si platform: Fabry-Perot (FP) and microdisk (MD) resonators. Lasing was demonstrated using FP waveguide cavities [1] .
Yet, MD laser cavities supporting whispering gallery modes (WGMs) are attractive due to their simple device structure, high quality factors and small footprint. Here, we present the fabrication of direct bandgap group IV MD lasers based on residually compressively strained GeSn/Ge/Si heterostructures. The GeSn MDs are undercut using an anisotropic dry-etch process in order to enhance the optical confinement compared to the first generation of GeSn lasers [1] . Moreover, this optimized cavity design facilitates strain relaxation of the GeSn epilayers and, thus, increases the energy offset between the Γ-and L-valleys as well as the electrical confinement. The influence of strain relaxation on the band structure of GeSn as well as optically pumped direct gap GeSn MD lasers are presented.
Layer Growth and Characterization
GeSn layers with x Sn between 12 at.% and 12.5 at.% and varying thicknesses were grown on Ge-buffered Si(001) virtual substrates (Ge-VS) [5] using an industry-compatible 200 mm reduced pressure chemical vapor deposition (RP-CVD) tool with showerhead technology [6] at growth temperatures of 340-350°C [7] (Table 1) . Although these direct bandgap GeSn layers are partially strain relaxed, they exhibit exceptionally high crystalline quality substantiated by transmission electron microscopy (TEM) imaging and ion channeling/Rutherford backscattering (RBS) measurements ( Fig. 1 and Fig. 2 ). TEM analysis revealed a regular network of misfit dislocations at the GeSn/Ge-VS interface. This indicates plastic strain relaxation via propagation of misfit dislocations rather than Sn precipitation, which was not observed. Above the GeSn/Ge interface, the epilayers are single crystalline with a low density of threading dislocations (10 6 -10 7 cm -2 ). In addition, the minimum yield value, χ min , of 6 % -as determined for sample D with a layer thickness of 560 nm -evidences high structural quality and complete Sn substitutionality. Fig. 3 shows the band extrema for a Ge 0.875 Sn 0.125 layer as a function of biaxial compressive strain obtained via 8x8 band k·p calculations including strain effects [8] . At approx. -1.0 % compressive strain, the transition to a fundamental direct bandgap semiconductor occurs. Moreover, the bandgap shrinks with decreasing compressive strain for direct bandgap Ge 0.875 Sn 0.125 alloys. These theoretical predictions are experimentally verified using temperature-dependent photoluminescence (PL) measurements ( Fig. 4 and Fig. 5 ). We observed a strong PL emission peak at room temperature, which is attributed to electron-hole recombinations at the center of the Brillouin zone (BZ) (Γ-valley) and steadily increases for decreasing temperature (c.f. sample D shown in Fig. 4 ). This behavior is reminiscent to semiconductors with a fundamental direct bandgap [1] . An identical behavior was found for samples B-D as is summarized in Fig. 5 . In contrast, the integrated PL IEDM15-36 2.6.1 978-1-4673-9894-7/15/$31.00 ©2015 IEEE intensity of the fully strained sample A drops with decreasing temperature similar to the well-known behavior for indirect bandgap group IV semiconductors, like Ge [9] , where at low temperatures, the probability for carriers to be transferred from L-valleys to the Γ-valley decreases and, consequently, the direct bandgap luminescence vanishes. In order to quantify this behavior, we employed a joint density of states (JDOS) model with the energy offset between the Γ-and L-valleys, ΔE L-Γ , as fitting parameter. We extracted ΔE L-Γ values of -35 meV, 30 meV, 50 meV and 55 meV for samples A, B, C and D, respectively. For further laser fabrication we used sample D which consists of a -0.4 % strained 560 nm thick Ge 0.875 Sn 0.125 layer with an energy offset of ΔE L-Γ ~ 55 meV ( Table 1) .
Fabrication of GeSn Microdisk Cavities
The mesa for the Ge 0.875 Sn 0.125 /Ge MD cavities were 900 nm dry-etched into the Ge-VS using Cl 2 /Ar and subsequently under-etched using an anisotropic and highly selective CF 4 plasma. During the latter process a non-volatile, Sn-rich SnO x F y layer is formed on the surface of the GeSn layer [10] whereas the volatile GeF x molecules desorb from the surface. The selectivity of this process depends on the Sn concentration and reaches up to 1:300 for x Sn = 12.5 at.%. After standard pre-high-k deposition cleaning, a 10 nm thick Al 2 O 3 passivation layer was deposited by atomic layer deposition (ALD) in order to reduce surface recombination (Fig. 6 a -d) . A scanning electron micrograph of a 560 nm Ge 0.875 Sn 0.125 MD with an undercut of 2.8 μm is shown in Fig.  7 . This CMOS-compatible fabrication process of compact MDs is a mean to reduce the compressive strain within the GeSn increasing the energy offset between Γ-and L-valleys to ΔE L-Γ of ~80 meV enabling an enhanced population of the Γ-valley towards the MD edge. The strain relaxation towards the edge of a 20 μm disk is confirmed by μ-Raman mappings (Fig. 8) . Whereas the disk is still compressively strained in the center, it is completely strain relaxed in its periphery, where WGMs are propagating. Consequently, the carrier confinement (c.f. Fig. 9 ) is supposed to be increased compared to FP laser devices presented in Ref. [1] . In addition, due to the larger difference in refractive index between the GeSn active medium and surrounding (air), the optical mode confinement is significantly improved. Furthermore, such MD cavities permit monolithic integration of group IV lasers with strongly reduced footprint.
Direct-Gap GeSn Microdisk Lasers
Optically excited (Ȝ = 1064 nm, 5 ns pulse length) disks with 8 μm diameter emit coherent light in the SWIR range with a peak emission at 2.5 μm (0.5 eV) at 50 K (Fig. 10) . The PL intensity increases abruptly by more than three orders of magnitude when increasing the optical excitation by a factor of 4 indicating a clear lasing threshold. With increasing optical excitation (> 250 kW/cm 2 ), the gain spectrum broadens which facilitates additional lasing modes to occur. Furthermore, the linewidth collapses at 221 kW/cm 2 from 36 meV (114 kW/cm 2 ) to 3 meV (Fig. 11) . The light-in light-out (L-L) curve displayed in Fig. 12 is the final piece of evidence for lasing. An s-shape behavior with a linear increase of the spontaneous emission below 200 kW/cm 2 typical for semiconductor lasers is observed. The determined unambiguous lasing threshold of 221 kW/cm 2 is approx. 1/3 lower compared to thresholds of first generation GeSn FP lasers without undercut as reported in [1] .
Conclusion
We demonstrated a strain-dependent transition from an indirect-to direct bandgap group IV semiconductor in Ge 0.875 Sn 0.125 epilayers using k.p simulations and temperature-dependent PL measurements on a set of differently compressively strained Ge 0.875 Sn 0.125 layers. 560 nm layers which offer the largest optical and electrical confinement have been used to fabricate the first Si-based direct bandgap group IV microdisk lasers with a lasing wavelength of 2.5 μm via standard CMOS-compatible processing. By means of a highly selective CF 4 -based dry-etch process, the GeSn MDs were under-etched which facilitates strain relaxation towards the edges of the MD. This in turn ensures better mode-as well as electrical confinement resulting in a significantly lowered lasing threshold compared to Ge 0.875 Sn 0.125 FP lasers without undercut. 
